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NEUROSTIMULATION SYSTEM FOR 
CENTRAL NERVOUS STIMULATION ( CNS ) 

AND PERIPHERAL NERVOUS 
STIMULATION ( PNS ) 

CROSS REFERENCE TO RELATED 
APPLICATION 

[ 0001 ] The present application claims priority to European 
Patent Application 17163191 . 4 entitled “ A NEUROSTIMU 
LATION SYSTEM FOR CENTRAL NERVOUS STIMU 
LATION ( CNS ) AND PERIPHERAL NERVOUS STIMU 
LATION ( PNS ) , ” filed on Mar . 28 , 2017 , the entire contents 
of which is incorporated herein by reference in its entirety 
for all purposes . 

TECHNICAL FIELD 
[ 0002 ] The present disclosure relates to an active closed 
loop medical system , such as an active closed - loop medical 
system for neurostimulation , in the field of improving recov 
ery after neurological disorders like spinal cord injury ( SCI ) , 
for example after trauma . 

BACKGROUND AND SUMMARY 
[ 0003 ] EP 2 868 343 A1 discloses a system to deliver 
adaptive electrical spinal cord stimulation to facilitate and 
restore locomotion after neuromotor impairment . Inter alia , 
a closed - loop system for real - time control of epidural elec 
trical stimulation is disclosed , comprising means for apply 
ing to a subject neuromodulation with adjustable stimulation 
parameters , the means being operatively connected with a 
real - time monitoring component comprising sensors con 
tinuously acquiring feedback signals from subject , signals 
providing features of motion of a subject , the system being 
operatively connected with a signal processing device 
receiving feedback signals and operating real - time auto 
matic control algorithms , the signal processing device being 
operatively connected with the means and providing the 
means with new stimulation parameters , with minimum 
delay . This known system improves consistency of walking 
in a subject with a neuromotor impairment . A Real Time 
Automatic Control Algorithm is used , comprising a feed 
forward component employing a single input - single output 
model ( SISO ) , or a multiple input - single output ( MISO ) 
model . Reference is also made to Wenger et al . , Closed - loop 
neuromodulation of spinal sensorimotor circuits controls 
refined locomotion after complete spinal cord injury , in 
Science Translational Medicine , vol . 6 , num . 255 , 2014 . 
[ 0004 ] WO 2002 / 034331 A2 discloses a non - closed loop 
implantable medical device system that includes an implant 
able medical device , along with a transceiver device that 
exchanges data with the patient , between the patient and the 
implantable medical device , and between a remote location 
and the implantable medical device . A communication 
device coupled to the transceiver device exchanges data with 
the transceiver device , the implantable medical device 
through the receiver device , and between the transceiver 
device and the remote location to enable bi - directional data 
transfer between the patient , the implantable medical device , 
the transceiver device , and the remote location . A converter 
unit converts transmission of the data from a first telemetry 
format to a second telemetry format , and a user interface 
enables information to be exchanged between the trans 
ceiver device and the patient , between the implantable 

medical device and the patient through the transceiver 
device , and between the patient and the remote location 
through the transceiver device . 
[ 0005 ] US 2002 / 0052539 A1 describes a partial closed 
loop , non - continuous and non - real - time emergency medical 
information communication system and corresponding 
methods . The system permits an emergency alert to be 
issued on the basis of information sensed or processed by an 
implantable medical device ( IMD ) implanted within a body 
of a patient . The IMD is capable of bidirectional commu 
nication with a communication module , a mobile telephone 
and / or a Personal Data Assistant ( PDA ) located outside the 
patient ' s body . The communication module , a mobile tele 
phone or a PDA is capable of communicating an emergency 
alert generated by the IMD to a remote computer via a 
communication system . At the remote computer system it 
may be determined that emergency remedial action is 
required . If so , the action is executed remotely from the 
remote computer system in the IMD via the communication 
system . 
[ 0006 ] U . S . Pat . No . 7 , 149 , 773 B2 relates to description of 
methods , devices and systems for automatically generating 
invoices when medical services are provided to a patient . 
Invoices are automatically generated by the system , for 
example , when monitoring of certain aspects of the perfor 
mance of an implantable medical device ( IMD ) implanted 
within a body of a patient is initiated by the patient or 
remotely , or when the delivery of a therapy to the patient 
through the IMD is initiated locally or remotely . The IMD is 
capable of bi - directional communication with a communi 
cation module , a mobile telephone and / or a Personal Data 
Assistant ( PDA ) located outside the patient ' s body . The 
system invoicing system may comprise the IMD , the com 
munication module and / or a mobile telephone and / or a 
PDA , means for generating an invoice , a remote computer 
system , and a communication system capable of bi - direc 
tional communication , where the communication module , 
the mobile telephone and / or the PDA is capable of receiving 
information from the IMD or relaying information thereto . 
[ 0007 ] U . S . Pat . No . 6 , 878 , 112 B2 discloses a plurality of 
co - operative and complementary software programs that are 
implemented in a web - enabled high speed computer system 
to remotely monitor , manage and modify the operational and 
functional parameters of a plurality of implanted medical 
devices ( IMDs ) . The system utilizes virtual electrophysiolo 
gist module ( VEM ) , chronic monitoring module ( CMM ) and 
prescription program module ( PPM ) programs to effect 
specific therapeutic and diagnostic methods for managing 
the IMDs , remotely on a condition and real - time basis . The 
modules enable remote and continuous monitoring , man 
agement and maintenance of the IMDs by identifying criti 
cal medical events , determining optimal clinical settings and 
upgrading performance parameters based on prescriptive 
data . The modules are implemented in a data center having 
high - speed computers operating in a web - enabled environ 
ment . The modules and the IMDs communicate through 
wireless communications system via a programmer or an 
interface medical unit ( IMD ) . 
10008 ] EP 2 652 676 A1 relates to a gesture controlling for 
monitoring vital body signs and reuses an accelerometer , or , 
more precise , sensed accelerations of a body sensor for user 
control of the body sensor . This is achieved by detecting 
predefined patterns in the acceleration signals that are unre 
lated to other movements of the patient . These include 
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tapping on / with the sensor , shaking , and turning the sensor . 
New procedures are described that make it possible to re - use 
the acceleration sensing for reliable gesture detection with 
out introducing many false positives due to non - gesture 
movements like respiration , heart beat , walking , etc . Similar 
solutions for tapping detection of a user are known from 
U . S . Pat . No . 8 , 326 , 569 and U . S . Pat . No . 7 , 742 , 037 . 
10009 ] Known stimulation systems use either Central Ner 
vous System ( CNS ) stimulation , for example Epidural Elec 
trical Stimulation ( EES ) , or Peripheral Nerve System ( PNS ) 
Stimulation , for example Functional Electrical Stimulation 
( FES ) . 
[ 0010 ] Epidural Electrical Stimulation ( EES ) is known to 
restore motor control in animal and human models and has 
more particularly been shown to restore locomotion after 
spinal cord injury by artificially activating the neural net 
works responsible for locomotion below the spinal cord 
lesion ( Capogrosso , M , et al . , A Computational Model for 
Epidural Electrical Stimulation of Spinal Sensorimotor Cir 
cuits , Journal of Neuroscience 4 Dec . 2013 , 33 ( 49 ) 19326 
19340 , Courtine et al . , Transformation of nonfunctional 
spinal circuits into functional states after the loss of brain 
input , Nat Neurosci . 2009 October ; 12 ( 10 ) : 1333 - 1342 , 
Moraud et al , Mechanisms Underlying the Neuromodulation 
of Spinal Circuits for Correcting Gait and Balance Deficits 
after Spinal Cord Injury , Neuron Volume 89 , Issue 4 , p . 
814 - 828 , 17 Feb . 2016 ) . EES does not directly stimulate 
motor - neurons but the afferent sensory neurons prior to 
entering into the spinal cord . In this way , the spinal networks 
responsible for locomotion are recruited indirectly via those 
afferents , restoring globally the locomotion movement by 
activating the required muscle synergies . The produced 
movement is functional ; however , due to relatively poor 
selectivity ( network activation instead of selective targeting 
of key muscles ) the controllability is low and the impreci 
sions hinder fluidity and full functionality in the potential 
space of the movement . 
[ 0011 ] Peripheral Nerve Stimulation ( PNS ) systems used 
to date in the clinic are known as Functional Electrical 
Stimulation ( FES ) that provides electrical stimulation to 
target muscles , either by directly stimulating muscles with 
surface electrodes , or by transcutaneous stimulation of the 
peripheral nerves . The resulting muscle fatigue has rendered 
FES unsuitable for use in daily life . Furthermore , successes 
have remained limited through cumbersome setups when 
using surface muscle stimulation , unmet needs in terms of 
selectivity ( when using transcutaneous nerve stimulation ) 
and a lack of stability ( for example it may not be possible to 
reproduce exact electrode placement on a daily basis when 
stimulating muscles , moving electrodes due to clothes , 
sweating , etc . ) . 

[ 0012 ] It is an object of the present disclosure to improve 
a neurostimulation system , e . g . in the field of improving 
recovery after neurological disorders like spinal cord injury 
( SCI ) , such as that which may occur after trauma , in that 
neuromodulation and / or neurostimulation may be provided 
in a more tailor - made manner , may be adapted to the 
patient ' s needs and may provide desired assistance in train 
ing and daily life for the patient , and which may be further 
adjusted to the progress of the rehabilitation of the patient . 
[ 0013 ] This object is solved according to the present 
disclosure by a neuromodulation and / or neurostimulation 

system . Accordingly , a neuromodulation and / or neurostimu 
lation system is provided comprising at least the following 
components : 
[ 0014 ] at least one sensing unit , 
[ 0015 ] at least control unit , 
[ 0016 ] at least one stimulation unit , 
0017 ] at least one Central Nervous System ( CNS ) stimu 
lation module for providing CNS stimulation , 

[ 0018 ] at least one Peripheral Nervous System ( PNS ) 
stimulation module for providing PNS stimulation , 

[ 0019 ] and wherein at least one of the components of the 
neuromodulation and / or neurostimulation system is 
implantable . 

[ 0020 ] The present disclosure is based on the basic idea 
that it may be possible to provide neuromodulation and / or 
neurostimulation with the above - described system to the 
Central Nervous System ( CNS ) and to the Peripheral Ner 
vous System ( PNS ) . Both the CNS and PNS may be 
stimulated at the same time or also intermittently or on 
demand . These two complementary stimulation paradigms 
may be combined into one strategy and made available for 
a patient being equipped with the system . For example , 
neuromodulation and / or neurostimulation of the CNS may 
be used to enhance and / or restore the capabilities of the 
patient as regards to movement , for example in a way that 
the existing ways of physiological signal transfer in the 
patient ' s body is supported such that the command signals 
for body movement or the like still are provided by the 
patient ' s nervous system , and supported and / or enhanced or 
translated by the CNS stimulation module . The stimulation 
provided by the PNS module may be used to locally steer 
and direct stimulation signals to specific peripheral nervous 
structures in order to trigger a specific movement and / or 
refine existing movements . Such a PNS stimulation may be 
used to refine and / or complete motion and / or movement 
capabilities of the patient being equipped with the system . It 
can , for example , be used to complete flexion or extension , 
lifting , turning or the like of including but not limited to toes , 
fingers , arms , feet , legs or any extremities of the patient . 
This may , for example , be done in cases where it is realized 
that the neuromodulation and / or neurostimulation provided 
by the CNS stimulation module is not sufficient to complete 
a movement or intended status of the patient . Then , such a 
movement or intended status may be completed or supported 
by stimulation provided by the PNS stimulation system . The 
PNS stimulation may be also used to reduce side effects or 
compensate for imprecisions of the CNS stimulation . 
10021 ] By way of such a combination of CNS stimulation 
and PNS stimulation a tailor - made stimulation and treatment 
of the patient may be provided . 
[ 0022 ] The system may be completely implanted , partially 
implanted or more or less only provided by non - invasive 
components . 
[ 0023 ] The system may be used as treatment related but 
not limited to restoring and / or training of the movements of 
the patient , locomotion , standing and / or walking , reaching 
and / or grasping , cardiovascular signals of the patient like 
blood pressure and / or blood pulse , tonus , nerve stimulation 
( e . g . nervous vagus stimulation ) , enhancement of the immu 
nological system of the patient , body temperature and the 
like . Moreover , the general feeling and well - being ( e . g . pain 
treatment ) of the patient may be enhanced . 
[ 0024 ] The Central Nervous System ( CNS ) stimulation 
module may be or may comprise an epidural stimulation 
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module capable to provide epidural stimulation and / or a 
subdural stimulation module capable to provide subdural 
stimulation and / or an intracortical stimulation module 
capable to provide intracortical stimulation and / or an 
intraspinal stimulation module capable to provide intraspi 
nal stimulation . 
[ 0025 ] In particular , it may be possible that the epidural 
stimulation module is an Epidural Electrical Stimulation 
( EES ) neurostimulation element . 
[ 0026 ] EES does not directly stimulate motor - neurons but 
the afferent sensory neurons prior to entering into the spinal 
cord . In this way , the spinal networks responsible for loco 
motion are recruited indirectly via those afferents , restoring 
globally the locomotion movement by activating the 
required muscle synergies . The produced movement is func 
tional ; however , due to relatively poor selectivity ( network 
activation instead of selective targeting of key muscles ) the 
controllability is low and the imprecisions hinder fluidity 
and full functionality in the potential space of the movement . 
[ 0027 ] In the context of locomotion , EES may additionally 
be used to further improve immediate and training - induced 
effects which may be further improved when proprioceptive 
afferent nerves are stimulated more selectively and aligned 
with the different phases of the gait cycle . During walking , 
these phases consist of an alternation between stimulation of 
the extension and flexion muscles of the right versus the left 
leg . Time - space EES may be used to restore both the swing 
phase ( flexion ) and the weight - bearing stance phase ( exten 
sion ) whereas continuous EES may block the limbs . 
[ 0028 ] In particular , the epidural stimulation module ( Epi 
dural Electrical Stimulation ( EES ) neurostimulation ele 
ment ) may be arranged and configured as a spatially selec 
tive spinal implant , configured to work on the basis of 
temporally precise stimulation algorithms adjusted in a 
closed - loop ' way using real - time motion feedback inputs as 

a part of the active closed - loop medical system . 
100291 The Peripheral Nervous System ( PNS ) stimulation 
module may be a Functional Electrical Stimulation ( FES ) 
module capable to provide Functional Electrical Stimulation 
( FES ) and electrical stimulation of the peripheral nerves and 
thereby enhance selective refinement over the produced 
movements . 
( 0030 ) During Peripheral Nervous System ( PNS ) Stimu 
lation , efferent motor - neuron axons and consequently 
muscles are stimulated directly and distally from the com 
plex circuits in the spinal cord . Different types of interfaces 
with the periphery exist ( X . Navarro , et al . , A critical review 
of interfaces with the peripheral nervous system for the 
control of neuroprostheses and hybrid bionic systems , J . 
Peripher . Nerv . Syst . 10 ( 3 ) ( 2005 ) 229 - 258 ) and vary in 
terms of invasiveness , selectivity , and reliability ; intra 
neural implants are the most appropriate implants since they 
provide superior selectivity of stimulation , increased signal 
to - noise ratio of recordings , and lower threshold of activa 
tion than extra - neural or epimysial implants ( K . Yoshida , K . 
Jovanovi? , R . B . Stein , Intrafascicular electrodes for stimu 
lation and recording from mudpuppy spinal roots , J . Neu 
rosci . methods 96 ( 1 ) ( 2000 ) 47 - 55 ; J . Badia , et al . , Com 
parative analysis of transverse intrafascicular multichannel , 
longitudinal intrafascicular and multipolar cuff electrodes 
for the selective stimulation of nerve fascicles , J . neural Eng . 
8 ( 3 ) ( 2011 ) 036023 ) . 
[ 0031 ] Stimulating the peripheral nerves with intra - neural 
electrodes provides a local control that may be immediate 

and precise . However , the artificial stimulation is fatiguing 
to the muscles rapidly through an unnatural recruitment 
order of neurons . In fact , large diameter neurons and hence 
large diameter muscle fibers are recruited first using artificial 
electrical stimulation while spinal cord stimulation recruits 
afferent fibers before they enter the network within the spinal 
cord , thereby potentiating their natural recruitment of motor 
neurons ( small diameter neurons first ) . On the contrary , 
while providing extremely precise and local control , PNS 
stimulation results in the excitation of a fiber type with rapid 
fatigue for ordinary tasks , being an important limitation to 
using it functionally . 
[ 0032 ] Intra - neural peripheral nerve stimulation thus 
addresses needs in terms of increased selectivity , stability , 
and a reduction in cumbersomeness as such a system may be 
implemented with a single nerve implant . Thanks to the 
architecture of the peripheral nervous system , it allows to 
target multiple agonist and antagonist muscles by proxi 
mally interfacing the intra - neural fascicles with multiple 
channels , thus selectively stimulating the fibers that inner 
vate the more distal muscles . These types of implants are 
well anchored within the nerve , thus conferring stability . 
[ 0033 ] Intra - neural PNS stimulation targets directly spe 
cific muscles and can produce selective and controllable 
activations that allow expanding the reachable space of 
movements . However , it directly recruits motor axons and 
equally produces enhanced muscle fatigue when compared 
to spinal cord stimulation , and thus may not be sufficiently 
efficient for producing strong and coherent movements at 
any time . Additionally , the extreme selectivity that arises 
from the direct projections from the nerve to the muscle it 
innervates impede the generation of functional and weight 
bearing movements . In fact , functional and multi - joint 
movements require the recruitment of muscles that are 
innervated by more than one nerve , and stimulating one 
nerve may not suffice to generate a usable movement . 
10034 ] As such , the combination of both stimulation types 
of CNS ( e . g . EES ) , and PNS ( e . g . FES ) , leverages the 
advantages of each stimulation paradigm and may restore 
functional , complex and fine movements after paralysis . 
Targeting the central and peripheral nervous system is 
complementary and may permit the restoration of functional 
and weight bearing movements . 
[ 0035 ] Intra - neural peripheral nerve stimulation may cer 
tainly meet a number of the above mentioned needs in terms 
of increased selectivity , stability , and a reduction in cum 
bersomeness as such a system may be implemented with a 
single nerve implant . Thanks to the architecture of the 
peripheral nervous system , it allows to target multiple ago 
nist and antagonist muscles by proximally interfacing the 
intra - neural fascicles with multiple channels , thus selec 
tively stimulating the fibers that innervate the more distal 
muscles . These types of implant are well anchored within 
the nerve , thus conferring selectivity and stability . However , 
the direct recruitment of motor axons equally produces 
enhanced muscle fatigue when compared to muscle stimu 
lation , and may thus not be efficient enough for producing 
strong and coherent movements at any time . 
0036 ] The more recently discovered indirect EES method 
builds on a strong scientific foundation and has the potential 
to overcome most of the inherent limitations to FES , but is 
lacking larger clinical experience so far . 
[ 0037 ] The Central Nervous System ( CNS ) stimulation 
module may be at least partially implantable or at least 
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partially implanted . By this , the CNS stimulation module 
may be placed close to the side , where the stimulation is 
needed . A very effective treatment with the system may then 
be provided to the patient . 
[ 0038 ] The Peripheral Nervous System ( PNS ) stimulation 
module may be at least partially implantable or at least 
partially implanted . Generally speaking , it may also be 
possible that the PNS stimulation module may be not 
implanted , but only attached to the skin of the patient in a 
suitable manner . Nevertheless , by implanting the PNS 
stimulation module , the stimulation module may be placed 
close to the structures of interest , where the stimulation shall 
be provided . Also , more selective stimulation may be done 
with an implanted PNS stimulation module . 
[ 0039 ] The components of the neuromodulation and / or 
neurostimulation system may for example form a closed 
loop system . 
[ 0040 ] The closed - loop system may be formed such that 
the control unit may receive input from the sensing unit . 
Such input , may be , for example , related to physiological 
signal ( s ) like physiological electrical signals from a patient 
( i . e . the patient being equipped with the neuromodulation 
and / or neurostimulation system ) . By using the physiological 
feed - back provided by the patient that is stimulated by the 
system , the stimulation may be better adapted to the needs 
of the patient . Such physiological signals may be related but 
not limited to physiological signals related to the gait cycle 
of the patient , locomotion , standing and / or walking , cardio 
vascular signals of the patient like blood pressure and / or 
blood pulse , tonus , nerve stimulation ( e . g . nervous vagus 
stimulation ) , signals related directly or indirectly to the 
immunological system of the patient , body temperature and 
the like . Based on the signal or the signals the controller may 
control the stimulation unit and by this the CNS stimulation 
module and the PNS stimulation module . The CNS stimu 
lation module and the PNS stimulation module may provide 
the required or desired neuromodulation and / or neurostimu 
lation signals . These signals and the physiological response 
of the patient may be sensed by the sensing unit and the 
respective sensor signals can then be used as further basis for 
the control provided by the controlling unit . By this , a 
closed - system may be provided . 
[ 0041 ] It may also be possible that components of the 
neuromodulation and / or neurostimulation system form an 
open - loop system . In such an example , the system and the 
electronic components utilized may be less sophisticated and 
thus a less expensive system may be provided . Also , the 
system complexity may be reduced , which might also 
increase reliability of the system with less efforts . In par 
ticular , for an open - loop system , a predetermined stimula 
tion protocol and setup may be provided to the patient . If 
changes are desired , such changes may be introduced into 
the system by means of an update or the installation of an 
additional stimulation routine . Thus , a very simple system 
layout may be achieved by the open - loop approach . 
[ 0042 ] . Furthermore , the control unit may be configured 
such that control may be done in real - time . In particular , 
real - time may be understood in a way that the delay between 
sense signals and provided stimulation signals shall be not 
more than 30 ms , as also already mentioned in WO 2016 / 
0279418 Al . 
[ 0043 ] Real - time control in terms of the present disclosure 
and its preferred embodiments , ( e . g . that the delay of 
between sense signals and provided stimulation signals shall 

be not more than 30 ms ) , may be beneficial for the open - loop 
approach and also for closed - loop approach . It may be very 
helpful for the patient equipped with the system to have 
stimulation at the moment or close to the moment needed to 
proceed , for example , with the desired movement . 
[ 0044 ] . Furthermore , it may be possible that the Peripheral 
Nervous System ( PNS ) stimulation module may comprise at 
least one electrode having at least one fixation element for 
anchoring the electrode in or to surrounding structures . By 
this it may be possible to keep the position of the electrode 
of the PNS stimulation module close to the structure which 
shall receive the stimulation or shall be stimulated by means 
of the PNS stimulation module . 
[ 0045 ] . Moreover , the control unit may be configured such 
that based on the sensing signals provided and gained by 
means of the sensing unit , the PNS stimulation provided by 
the PNS stimulation module and / or CNS stimulation pro 
vided by the CNS stimulation module may be adjusted 
and / or adapted to 
[ 0046 ] at least partially match stimulation control signals 

provided by the control unit to control the PNS stimula 
tion module and / or the CNS stimulation module with 
physiological signals related to a move intention of a 
subject decoded from its brain and / or nervous system , 
and / or at least partially match the stimulation control 
signals provided by the control unit to control the PNS 
stimulation module and / or the CNS stimulation module 
with a desired kinematic trajectory , and / or 

[ 0047 ] at least partially match the stimulation control 
signals provided by the control unit to control the PNS 
stimulation module and / or the CNS stimulation module 
with desired forces with respect to a surface , on which the 
subject is located or that the subject is touching , and / or 

[ 0048 ] at least partially match the stimulation control 
signals provided by the control unit to control the PNS 
stimulation module and / or the CNS stimulation module 
with muscle activation for certain gait patterns and / or 
grasp types and / or movements . 

10049 ] By at least partially matching stimulation control 
signals , a specific neuromodulation or stimulation may be 
provided . Furthermore , by detecting physiological signals 
related to a move intention of the subject , which may be 
decoded from the brain and / or the nervous system , accurate 
neuromodulation and triggering sense for the neuromodu 
lation or neurostimulation may be obtained and an accurate 
neuromodulation or neurostimulation may be provided by 
the system . By at least partially matching the stimulation 
control signals in connection with the desired kinematic 
trajectory , a correction of unwanted signals may be done and 
the intended move may be supported in a tailor - made 
manner . Additionally , it may be possible to at least partially 
match the stimulation control signals to control the PNS 
stimulation module and / or the CNS stimulation module with 
the intended forces and needed forces that shall be touched 
by the subject . Such support may be connected to standing 
and walking or control of the movement of the hands or arms 
of the patient . There may be also a matching of the stimu 
lation control signals with physiological signals in order to 
detect and activate and control muscle activation for certain 
gait patterns and / or grasp types and / or movements . By 
finding out the specific triggering physiological signals for 
such gate patterns or grasp types and movements , specific 
support by means of neuromodulation and / or neurostimula 
tion may be provided by the system . 
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[ 0050 ] Furthermore , it may be possible that the control 
unit may be configured such that signals provided by the 
sensing unit and related to the movement of the subject may 
be decoded , for example continuous movement of the sub 
ject and / or signals related to force ( s ) and / or EMG activity 
and / or kinematic trajectories may be decoded . There may be 
an interaction of the stimulation in connection with the 
physiological signals of the subject . This interaction of 
stimulation and the physiological signals may be used to 
tailor the neuromodulation or neurostimulation provided by 
the system . In particular , tonic or phasic stimulation may be 
provided by the CNS stimulation module and there may also 
be a phasic stimulation on the PNS neurostimulation mod 
ule , which may be triggered by a triggering event . Such a 
triggering event may be provided by the sensing unit , which 
may make use of EEG or EMG or force signals or cortical 
signals or from voice control or movement signals or the 
like . Here , external sensors like accelerometers , force sen 
sors , interactive sensors or even a microphone for voice 
control may be used . Also , cameras or the like may be used 
to provide the respective signals . Further , for at least par 
tially matching the stimulation control signals there may be 
an interaction of the stimulation and the triggering event 
may be a specific movement or a force or an EMG profile , 
the CNS and PNS stimulation may be tonic , phasic or 
triggered by any other signal . 
10051 ] The control unit may be configured such that the 
stimulation provided by the PNS stimulation module and the 
stimulation provided by the CNS stimulation module are at 
least partially interleaved . By this specific stimulation , the 
motor output of the patient may be supported . 
[ 0052 ] Additionally , it may be possible that the control 
unit may be configured such that the PNS stimulation 
provided by the PNS stimulation module and CNS stimu 
lation provided by the CNS stimulation module may be at 
least partially superimposed . By this , the effect of the 
simulation may be refined . 
[ 0053 ] As such , it may also be possible that the control 
unit may be configured such that the PNS stimulation 
provided by the PNS stimulation module or the CNS stimu 
lation provided by the CNS stimulation module is at least 
partially used for correction of the stimulation provided by 
the other ( e . g . another ) stimulation module to refine motor 
output . Such an approach may be used to support move 
ments , correct the movement itself and specific movements 
and assist the patient within the movement . 
[ 0054 ] The control unit may be capable to independently 
control and switch on and off either the PNS stimulation 
module or the CNS stimulation module . By this it may be 
possible to provide only CNS stimulation or PNS stimula 
tion . Such a capability of the system may also increase the 
way in how the system may be used . Depending on the 
situation of the subject being equipped with the system , the 
stimulation may be adjusted to the specific needs . 
[ 0055 ] Furthermore , the present disclosure relates to a 
method of providing neuromodulation and / or neurostimula 
tion by providing Central Nervous System ( CNS ) stimula 
tion combined with a Peripheral Nervous System ( PNS ) 
stimulation , by using a neuromodulation and / or neurostimu 
lation system such as that described in detail above . 
[ 0056 ] More specifically , the present disclosure relates to 
a method of providing neuromodulation and / or neurostimu 
lation by providing Central Nervous System ( CNS ) stimu 
lation combined with Peripheral Nervous System ( PNS ) 

stimulation , by using a neuromodulation and / or neuro stimu 
lation system , the neuromodulation and / or neurostimulation 
system comprising at least the following components : 
[ 0057 ] at least one sensing unit , 
[ 0058 ] at least control unit , 
[ 0059 ] at least one stimulation unit , 
[ 0060 ] at least one Central Nervous System ( CNS ) stimu 

lation module for providing CNS stimulation , 
10061 ] at least one Peripheral Nervous System ( PNS ) 

stimulation module for providing PNS stimulation ; and 
[ 0062 wherein at least one of the components of the 
neuromodulation and / or neurostimulation system is implant 
able or at least partially implantable . 
[ 0063 ] In one example of such a method , the at least one 
CNS stimulation module is or comprises one or more of an 
epidural stimulation module capable to provide epidural 
stimulation , a subdural stimulation module capable to pro 
vide subdural stimulation , an intracortical stimulation mod 
ule capable to provide intracortical stimulation , and / or an 
intraspinal stimulation module capable to provide intraspi 
nal stimulation , and wherein the PNS stimulation module is 
a Functional Electrical Stimulation ( FES ) module capable to 
provide electrical stimulation of the peripheral nerves , the 
PNS stimulation module further comprising at least one 
electrode having at least one fixation element for anchoring 
the electrode in or to surrounding structures . 
[ 0064 ] In another example of such a method , the control 
unit is configured such that based on sensing signals pro 
vided and gained by means of the sensing unit , the PNS 
stimulation provided by the PNS stimulation module and / or 
the CNS stimulation provided by CNS stimulation module 
can be adjusted and / or adapted to : 
100651 at least partially match stimulation control signals 

provided by the control unit to control the PNS stimula 
tion module and / or the CNS stimulation module with 
physiological signals related to a move intention of a 
subject decoded from its brain and / or nervous system , 
and / or 

[ 0066 ] at least partially match the stimulation control 
signals provided by the control unit to control the PNS 
stimulation module and / or the CNS stimulation module 
with a desired kinematic trajectory , and / or 

[ 0067 ] at least partially match the stimulation control 
signals provided by the control unit to control the PNS 
stimulation module and / or the CNS stimulation module 
with desired forces with respect to a surface on which the 
subject is located or that the subject is touching , and / or 

10068 ] at least partially match the stimulation control 
signals provided by the control unit to control the PNS 
stimulation module and / or the CNS stimulation module 
with muscle activation for certain gait patterns and / or 
grasp types and / or movements ; and 

[ 0069 ] wherein the control unit is configured such that the 
sensing signals provided by the sensing unit can be decoded , 
the sensing signals related to movement of the subject , and 
wherein movement of the subject includes one or more of 
continuous movement of the subject , signals related to 
force ( s ) , EMG activity , and / or kinematic trajectories . 
[ 0070 ] In still another example of such a method , the 
control unit is configured such that the PNS stimulation 
provided by the PNS stimulation module and the CNS 
stimulation provided by the CNS stimulation module is at 
least partially interleaved or at least partially superimposed . 
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are more invasive than , for example , epineural CUFFs ( and 
both could be used in the system ) , so they may utilize a 
lower amount of stimulus charge to recruit the axons . For 
those intraneural electrodes , this total charge injected per 
stimulation pulse ( charge = amplitude x pulse width ) may not 
be higher than 120 nC ( limit of electrode itself rather than 
tissue risk of delamination , etc . ) . Within this constraint , 
the amplitude may be between 20 and 1000 UA , the pulse 
width between 0 . 040 and 1 msec . Preferred parameters are 
in a range of 50 - 300 uA for amplitude with 40 - 120 usec 
pulse width . 
10083 ] EES may be phasic or tonic , selective PNS is 
always phasic . Phasic is defined as locked to defined events 
in the sensing signals ( decoded intention , continuous decod 
ing , muscle activity onset , movement onset , event during 
defined movement ( foot off or foot strike during gait for 
instance ) . 
[ 0084 ] In connection with the closed - loop system the 
following way of working is done by the whole system : 
[ 0085 ] Based on the sensing signals , the stimulation in 
PNS and / or CNS may be adjusted in real - time to 
[ 0086 ] match intention decoded from the brain , and / or 
[ 0087 ] continuously decode movement , force or EMG 

from signals , and / or 
[ 0088 ] match pre - defined kinematic trajectory , and / or 
[ 0089 ] match desired forces with respect to surface soft 

ness ( of ground or grasped object ) , and / or 
[ 0090 ] match muscle activation for certain gait patterns / 

grasp types . 

[ 0071 ] In still another example of such a method , the 
control unit is configured such that the PNS stimulation 
provided by the PNS stimulation module or the CNS stimu 
lation provided by the CNS stimulation module is at least 
partially used for correction of stimulation provided by 
another stimulation module to refine motor output . 
[ 0072 ] In still another example of such a method , the 
control unit is capable to independently control and switch 
on and off either the PNS stimulation module or the CNS 
stimulation module . 
[ 0073 ] Furthermore , in connection with the present dis 
closure the use of a neuromodulation and / or neurostimula 
tion system according to that described above for providing 
neuromodulation and / or neurostimulation by providing Cen 
tral Nervous System ( CNS ) stimulation combined with 
Peripheral Nervous System ( PNS ) stimulation is disclosed . 
[ 0074 ] In connection with the Peripheral Nervous System 
( PNS ) stimulation , a stimulation of the upper limb nerves , 
i . e . the radial , ulnar and / or median nerves may be provided . 
Also , the lower limb nerves like the sciatic and / or femoral 
nerves may be provided in connection with PNS stimulation . 
All PNS stimulation may be done by targeting one of the 
above - mentioned nerves with intra - neural electrodes ( trans 
versal or longitudinal ) or epi - neural ( cuff ) electrodes . 
[ 0075 ] In connection with the Central Nervous System 
( CNS ) stimulation the following nervous structures may be 
stimulated : for the upper limb movements the cervical spinal 
cord or hand / arm motor cortex may be stimulated with the 
CNS stimulation module . For the lower limb movements the 
lumbosacral spinal cord or the lower limb may be stimu 
lated . All these nerves may be targeted with epidural , 
subdural or intra - spinal / intra - cortical stimulation . 
[ 0076 ] The sensing module may sense muscle activity ( by 
means of surface or intramuscular EMG electrodes , one or 
several electrodes to construct control signals ) . By means of 
variables like kinematic markers or IMU the kinematic 
activity of the patient may be sensed . Also there may be 
several sensors , which detect forces on the skin or forces 
intended to be provided by the subject by means of pressure 
sensors , for example in a foot insole or in a glove . Such 
sensors may be also wearables . Neural signals such as field 
potential , multi - unit , single spikes , etc , may be detected by 
EEG , ENG , ECG , intra - cortical electrode arrays , patch 
clamp electrodes , or single penetrating electrodes . 
100771 . Both stimulation units may use a common implant 
able pulse generator ( IPG ) , which may be used for providing 
the necessary stimulation current and signals for the CNS 
stimulation module and the PNS stimulation module . It may 
also be possible that two separated IPGs are provided , one 
for the PNS stimulation module and one for the CNS 
stimulation module . 
[ 0078 ] The stimulation parameters for the Peripheral Ner 
vous System ( PNS ) stimulation and the EES stimulation 
may be frequency , amplitude , pulse - width and the like . 
[ 0079 ] A suitable frequency range is , for example , between 
approx . 30 Hz and 120 Hz . 
[ 0080 ] The amplitude values can be chosen between 20 
and 1000 uA . 
[ 0081 ] The pulse - width values may be chosen between 
0 . 040 and 1 msec . Preferred parameters are in a range of 
50 - 300 uA for amplitude with 40 - 120 usec pulse width . 
[ 0082 ] The above values for amplitude and pulse - width 
depend inter alia on the interface being used and the inva 
siveness it represents . For example , intraneural electrodes 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0091 ] Further details and advantages of the present dis 
closure shall now be disclosed in connection with the 
drawings . 
[ 0092 ] FIG . 1 shows a schematic view of the layout of an 
embodiment according to the present disclosure of the 
neuromodulation and / or neurostimulation system . 
10093 ] . FIG . 2 shows a schematic view of the implanted 
system and the subject being equipped with the system . 
[ 0094 ] FIG . 3 shows a schematic overview about a feasi 
bility study conducted with rats , showing an example of the 
system that targets lower limb movements according to the 
present disclosure . 
100951 FIG . 4 shows a further schematic overview about a 
feasibility study conducted with rats , showing an example of 
how CNS and PNS stimulation may be used based on 
recorded sensing signals in the framework of restoring lower 
limb movement for the system and method according to the 
present disclosure . 
[ 0096 ] FIG . 5 shows a further schematic overview about a 
feasibility study conducted with rats , providing a proof of 
concept for the system and method according to the present 
disclosure . 
[ 0097 ] FIG . 6 shows a further illustration of gait patterns 
produced by CNS stimulation under the form of EES only 
and of gait patterns produced by a combined PNS and CNS 
stimulation , with PNS locally refining the produced patterns 
depending on the frequency of PNS stimulation that is 
employed , providing an illustration of the efficiency of the 
system for restoring refined lower limb movements accord 
ing to the present disclosure . 
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10098 ) FIG . 7 shows a flow chart showing an example of 
how the embodiment according to the present disclosure of 
the neuromodulation and / or neurostimulation system is 
operated . 

DETAILED DESCRIPTION OF DRAWINGS 
[ 0099 ] FIG . 1 shows in a schematical view the layout of 
the neuromodulation and / or neurostimulation system 10 
according to the present disclosure . 
[ 0100 ] The system 10 comprises the components sensing 
unit 12 , control unit 14 , stimulation unit 16 , Central Nervous 
System ( CNS ) stimulation module 18 and a Peripheral 
Nervous System ( PNS ) stimulation module 20 . 
10101 ] The stimulation unit 16 comprises one Implantable 
Pulse Generator ( IPG ) 22 for the CNS stimulation module 
18 and another IPG 24 for the PNS stimulation module 20 . 
10102 ] It is also possible that only one IPG for both the 
CNS stimulation module 18 and for the PNS stimulation 
module 20 is provided . 
[ 0103 ] The system 10 is at least partially implantable , but 
also comprises sensors , which are or are not implanted and 
connected either via wires to a connector and then to a 
recording chamber , or with a wireless data transmission link 
with the control unit 14 ( see FIG . 2 ) . 
[ 0104 ] As can be seen in FIG . 2 , there are sensing units 
12a and 12b , which are implanted in the patient . These 
sensing units 12a , 12b are sensors to monitor and sense 
physiological signals , here sensing electrodes . 
10105 ] . The control unit 14 is also implanted in the patient 
P . It is also possible that this control unit is not implanted . 
[ 0106 ] The control unit 14 comprises at least one memory 

( 0115 ] The CNS stimulation module 18 and the PNS 
stimulation module 20 may also be implanted in the patient 
P . 
[ 0116 ] Thus , also the respective IPGs 22 and 24 may be 
implanted in the patient P . 
[ 0117 ] . However , there may also be sensors 12c and 12d , 
which may not be implanted , but which may be attached to 
the skin of the patient P and provided as wearables . They 
may be attached to the skin of the patient P by gluing or worn 
as gloves ( e . g . 12c ) or the like . 
[ 0118 ] The Central Nervous System stimulation module 
18 is in the shown embodiment an epidural stimulation 
module capable to provide epidural stimulation via elec 
trodes 25 . 
[ 0119 ] Generally , it may be also provided as a stimulation 
module that is capable to provide subdural stimulation or 
intra - cortical stimulation or intra - spinal stimulation . 
[ 0120 ] The PNS stimulation module 20 may be a func 
tional electrical stimulation module capable to provide elec 
trical stimulation of the peripheral nerves ( e . g . PNS stimu 
lation ) via electrodes 26 . 
[ 0121 ] As can be seen in FIG . 1 and FIG . 2 , the PNS 
stimulation module 20 comprises electrodes 26 . 
[ 0122 ] The electrodes 26 may be implanted and may have 
fixation elements for anchoring the electrodes 26 in the 
surrounding structures at the implantation side . 
[ 0123 ] The control unit 14 may receive signals from the 
various sensors of FIG . 1 and FIG . 2 and may employ the 
various actuators of FIG . 1 and FIG . 2 to adjust stimulation 
parameters based on the received signals and instructions 
stored on the memory of the control unit 14 . 
[ 0124 ] The control unit 14 may be configured such that 
based on the sensing signals provided and gained by means 
of the sensing unit 12 , the stimulation provided by the PNS 
stimulation module 20 and / or provided by CNS stimulation 
module 18 may be adjusted and / or adapted to 
[ 0125 ] match the stimulation control signals provided by 

the control unit 14 to control the PNS stimulation module 
20 and / or the CNS stimulation module 18 with physi 
ological signals related to a move intention of a subject 
decoded from its brain and / or nervous system , and 

( 0126 ] match the stimulation control signals provided by 
the control unit 14 to control the PNS stimulation module 
20 and / or the CNS stimulation module 18 with a desired 
kinematic trajectory , and 

[ 0127 ] match the stimulation control signals provided by 
the control unit 14 to control the PNS stimulation module 
20 and / or the CNS stimulation module 18 with desired 
forces with respect to a surface , on which the subject is 
located or that the subject is touching , and 

[ 0128 ] match the stimulation control signals provided by 
the control unit 14 to control the PNS stimulation module 
20 and / or the CNS stimulation module 18 with muscle 
activation for certain gait patterns and / or grasp types 
and / or movements . 

[ 0129 ] . Furthermore , the control unit 14 may be configured 
such that signals provided by the sensing unit 12 and related 
to movement of the subject may be decoded , for example 
continuous movement of the subject and / or signals related to 
force ( s ) and / or EMG activity and / or kinematic trajectories 
may be decoded . 
[ 0130 ] The system 10 may work as a closed - loop system 
in real - time . 

M . 
[ 0107 ] This memory provides storage capacity for data , 
inter alia control instructions for performing the control of 
the system 10 . 
[ 0108 ] Such instructions include but are not limited to how 
10109 ) to match stimulation control signals provided by 

the control unit 14 to control the PNS stimulation module 
20 and / or the CNS stimulation module 18 with physi 
ological signals related to a move intention of a subject 
decoded from its brain and / or nervous system , and / or 

[ 0110 ] to match the stimulation control signals provided 
by the control unit 14 to control the PNS stimulation 
module 20 and / or the CNS stimulation module 18 with a 
desired kinematic trajectory , and / or 

[ 0111 ] to match the stimulation control signals provided 
by the control unit 14 to control the PNS stimulation 
module 20 and / or the CNS stimulation module 18 with 
desired forces with respect to a surface , on which the 
subject is located or that the subject is touching , and / or 

[ 0112 ] to match the stimulation control signals provided 
by the control unit 14 to control the PNS stimulation 
module 20 and / or the CNS stimulation module 18 with 
muscle activation for certain gait patterns and / or grasp 
types and / or movements . 

[ 0113 ] These instructions may be part of a control routine 
or control software or stored as separate software modules or 
stored into the memory as instruction data . 
[ 0114 ] The link between sensor signals and the instruc 
tions may be realized by providing respective meta data , 
which are stored separately in the memory M , for example 
in a meta data memory part or storage . 
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[ 0131 ] In particular , the stimulation signals provided by 
the CNS stimulation module 18 and its electrodes 25 and by 
PNS stimulation module 20 and its electrodes 26 may be 
monitored and recorded together with the respective 
response of the patient by means of the sensing unit ( s ) and 
sensor ( s ) 12 , 12a , 12b , 12c , 12d . 
[ 0132 ] It is also possible in general that the system 10 is 
and may work as a open - loop system . In particular , it is 
possible that there might be pre - programmed sequences of 
stimulation sets or patterns to achieve a desired motor 
outcome . 
[ 0133 ] In particular , the sensing signals may be used to 
influence the stimulation signals and the stimulation signals 
and the physiological response thereto is again sensed by the 
sensing unit 12 and again influences the control unit 14 . 
[ 0134 ] This way of working may be controlled by the 
control unit 14 , which may be configured such that the 
control is done in real - time . 
[ 0135 ] Real - time controlling and working of the system 10 
means that the control is done with minimum delay , i . e . 
within a range of approx . O up to 30 ms . 
[ 0136 ] The control unit 14 may be configured such that the 
PNS stimulation provided PNS stimulation module 20 and 
the CNS stimulation provided by the CNS stimulation 
module 18 is at least partially interleaved . 
[ 0137 ] Also , the control unit 14 may be configured such 
that the PNS stimulation provided by the PNS stimulation 
module 20 and the CNS stimulation provided by CNS 
stimulation module 18 is at least partially superimposed . 
[ 0138 ] By interleaving or superimposing the signals , it 
may be possible to stimulate in a tailor - made way . 
[ 0139 ] Moreover , the control unit 14 may be configured 
such that the stimulation provided by either the PNS stimu 
lation module 20 or the CNS stimulation module 18 is at 
least partially used for correction of the stimulation effect 
provided by the other stimulation module to refine motor 
output . 
[ 0140 ] Furthermore , the control unit 14 may be capable to 
independently control and switch on and off either the PNS 
stimulation module 20 or the CNS stimulation module 18 . In 
other words , the PNS stimulation module 20 and the CNS 
stimulation module 18 may be controlled independently 
from each other . 
[ 0141 ] Such a control may be done by the control unit 14 . 
[ 0142 ] The function of the system 10 can be described as 
follows : 
[ 0143 ] The system 10 provides a new electrical stimula 
tion paradigm for the restoration or fine and controllable 
motor function that targets both the central and the periph 
eral nervous system in a refined neuroprosthetic system 
addressing neuromotor disorders . As described above , in 
combining electrical stimulation of the central nervous sys 
tem ( spinal cord ) with intermittent electrical stimulation of 
the peripheral nerves in real - time instead of using either 
spinal cord stimulation or nerve stimulation alone , a specific 
and more general stimulation approach may be established . 
[ 0144 ] It may be possible to exploit the complementary 
advantages of both stimulation types . 
[ 0145 ] In unimpaired individuals , motor outputs are con 
stantly refined and adjusted based on information from the 
periphery ( for instance , proprioception , sensation , vision ) . 
[ 0146 ] To achieve such a fine - tuning , stimulation para 
digms may need to recruit specific muscles selectively to 

compensate for imprecisions in the motor output generated 
by central stimulation paradigms . 
f0147 ] The system 10 may be able to use information from 
the peripheries and from the Central Nervous System in 
order to refine and adjust the desired stimulation output 
either by way of the CNS stimulation module 18 or the PNS 
stimulation module 20 . 
[ 0148 ] Thus , there may be a combination of electrical 
stimulation of the spinal cord and the peripheral nerves . The 
combination of both strategies may yield a highly refined 
and much more efficient neuroprosthetic rehabilitation of 
motor control , with potential applications in both the upper 
and lower limb paralysis framework . 
[ 0149 ] In the framework of paralysis , spinal cord stimu 
lation recruits functional networks below the lesion and 
activates muscle synergies that act as building blocks for 
functional movements . While the created movement may be 
strong as a result of the activation of the movement related 
muscle synergies , control and execution of fine movements 
may be a difficult task as the generated movement and its 
imprecisions may hinder fluidity and full functionality in the 
potential space of the movement . 
[ 0150 ] Peripheral nerve stimulation may target directly 
specific muscles and may produce selective and controllable 
activations that may allow expanding the reachable space of 
movements . The bottleneck of this extreme selectivity that 
arises from the direct projections from the nerve to the 
muscle it innervates consists in the impossibility of gener 
ating functional and weight - bearing movements . In fact , 
functional and multi - joint movements require the recruit 
ment of muscles that are innervated by more than one nerve , 
and stimulating one nerve may not suffice to generate a 
usable movement . 
[ 0151 ] As such , the combination of both stimulation types 
may leverage the advantages of each stimulation paradigm 
and may restore functional , complex and fine movements 
after paralysis . 
[ 0152 ] As shown in FIG . 3 , FIG . 4 , FIG . 5 , and FIG . 6 , the 
feasibility of the above paradigm has been demonstrated in 
a rat model of paralyzing spinal cord injury . 
[ 0153 ] FIG . 3 shows in a schematic view an example of an 
implementation of the system 10 ' in a feasibility study 
conducted with a rat 100 that aims at restoring refined 
locomotion after paralyzing spinal cord injury . 
[ 0154 ] Similar implementation is possible in other mam 
mals or human beings . 
[ 0155 ] There is a CNS stimulation module 18 ' and a PNS 
stimulation module 20 ' having the structural and functional 
features as described above , but adjusted to the size of the 
rat 100 . 
[ 0156 ] In this example , the spinal cord 102 of the rat 100 
is injured at the mid - thoracic level ( approx . T8 / T9 ) by either 
a severe spinal cord contusion or a complete spinal cord 
transection ( cf . lower left part of FIG . 3 ) . 
[ 0157 ] EMG signals from ankle muscles 104 are recorded 
via bipolar wire electrodes 106 of a neural polyimide - based 
multi - channel implant 107 implanted within the muscles ( cf . 
lower right and upper left part of FIG . 3 ) . 
[ 0158 ] Leg joint kinematics are recorded by means of a 
recording system 101 via reflective markers that are glued 
with double - sided tape to the joints . CNS stimulation is 
provided on the epidural lumbosacral spinal cord 102 via 
two monopolar wire electrodes 108 , 110 placed on levels L2 
and S1 respectively ( cf . upper right part of FIG . 3 ) . 
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[ 0159 ] 5HT7 , 5HT2 and 5HT1a represent pharmaceuticals 
that may be used to support the stimulation . 
10160 ] The recorded signals relate to kinematics ( i . e . 
stance , swing and drag ) of parts of lower extremity , here 
0161 ] the crest , i . e . kinematic crest signal K1 , 

[ 0162 ] the hip , i . e . kinematic hip signal K2 , 
( 0163 ] the knee , i . e . kinematic knee signal K3 , 
10164 ] the ankle , i . e . kinematic ankle signal K4 , and 
[ 0165 ] the foot , i . e . kinematic foot signal K5 . 
[ 0166 ] Furthermore , by means of the recording system 
101 the EMG activity is recorded . Here the EMG signals 
related to ankle , flexor and extensor are recorded . 
[ 0167 ] The signals recorded by means of the recording 
system 101 may be stored in a memory of the recording 
system 101 . They may also be used by the control unit of the 
system 10 ' ( not shown , but functionality is described above 
in connection with control unit 14 ) . 
[ 0168 ] PNS stimulation is provided via an intra - neural 
polyimide - based multi - channel implant that is inserted in the 
proximal sciatic nerve 112 ( above the branching point into 
separate fascicles ) ( cf . lower right part of FIG . 3 ) . 
[ 0169 ] In this setup , the wires from the EMG electrodes 
and the epidural spinal cord electrodes are all routed sub 
cutaneously to a common connector that is cemented with 
dental cement to the skull of the rat . The amplifier for EMG 
signals and stimulator providing the spinal cord may be 
plugged to this connector . The wires from the intra - neural 
electrode are routed subcutaneously to a plug on the lower 
back of the rat , to which the stimulator may be plugged . 
[ 0170 ] As shown in the upper left part of FIG . 3 , the 
kinematics ( of crest , hip , knee , ankle and foot ) and the 
respective EMG activity ( for ankle , flexor and extensor ) are 
recorded by the sensors of the system 10 ' . 
[ 0171 ] FIG . 4 shows an example of how such a system 10 ' 
as presented in FIG . 3 may be used in real time to generate 
functional and refined movements . 
[ 0172 ] Epidural electrodes , i . e . the two monopolar wire 
electrodes 108 , 110 ( cf . upper right part of FIG . 3 and CNS 
stimulation module 18 ' ) on the lumbosacral spinal cord 102 
electrically stimulate the locomotor networks and produce 
functional gait patterns . 
[ 0173 ] The produced movements of the rat 100 on a 
treadmill 114 are monitored in real time using reflective 
markers that are glued on the hind - limb joints ( crest , hip , 
knee , ankle , foot - tip ) inter alia by means of a camera 116 . 
[ 0174 ] In this example the control unit 14 ' ( which can inter 
alia control wireles sly the components of the system 10 ' ) 
compares the produced gait patterns in real - time to a model 
gait cycle and recognizes main events and their timing such 
as foot strike , toe - off or maximal foot height in real time . 
[ 0175 ] Also in this example , if the produced gait would 
not match the desired model gait cycle , selective PNS is 
used at defined phases during the gait cycle to refine the 
produced gait . 
[ 0176 ] Bilateral intraneural electrodes in the right and left 
sciatic nerve deliver phasic electrical stimulation to correct 
for the noticed imprecisions in the patterns and refine the 

phase while ankle extension was enhanced through selective 
stimulation of the sciatic nerve tibial branch via different 
active sites at the end of stance phase . 
[ 0179 ] Adding PNS to CNS had major effects on the leg 
being stimulated and on the contralateral leg . In fact , a 
significant increase was obtained in the step height of the leg 
that was additionally stimulated with PNS . 
[ 0180 ] Additionally , the dragging of the foot that was 
stimulated additionally with PNS was significantly reduced 
when compared to CNS only . 
[ 0181 ] Adding PNS by means of the Peripheral Nervous 
System ( PNS ) stimulation module 20 on one leg also had a 
significant effect on the other leg , for instance it increased 
the stride length of that leg considerably . 
[ 0182 ] This refinement of the gait allowed the rats 100 to 
walk overground ( FIG . 5 bottom ) and climb on stairs ( see 
middle section of FIG . 5 with stairs ST ) with significantly 
reduced amount of failures and tumbling . 
[ 0183 ] This present disclosure has enormous potential to 
restore fine movements in people affected by paralysis . 
[ 0184 ] Especially in the case of upper limb paralysis , 
spinal cord stimulation has shown fairly limited success in 
being able to selectively activate forearm or finger muscles . 
[ 0185 ] Activating the reaching and grasping synergies 
centrally and refining those peripherally has thus enormous 
potential for the restoration of functional , refined and con 
trollable upper limb movements after paralysis . 
[ 0186 ] Central neuromodulation , under the form of elec 
trical stimulation of the spinal cord produces motor syner 
gies resulting in functional movements but those movements 
are restricted in space . Stimulating the peripheral nerves 
additionally with different stimulation frequencies on top of 
the central neuromodulation allows 
[ 0187 ] i ) to gradually refine the produced movements and 
[ 0188 ] ii ) to locally expand the reachable space in a highly 

controllable way . 
[ 0189 ] FIG . 6 illustrates this concept in the framework of 
lower limb paralysis . 
[ 0190 ] Foot trajectories T1 , T1 ' ( black ) are obtained via 
central neuromodulation ( electrical epidural stimulation of 
the lumbo - sacral spinal cord ) and exhibit moderate step 
heights and foot dragging . Superimposition of selective 
sciatic nerve stimulation allows to further gradually modu 
late the gait cycle and enhance the movement , for instance 
through increasing the step height of the stimulated leg 
( trajectories T2 , at 30 Hz , and trajectories T3 , at 70 Hz ) with 
increased frequency , or reducing the foot dragging contral 
ateral ( trajectories T2 ' , at 30 Hz , and trajectories T3 ' , at 70 
Hz ) . Peripheral nerve stimulation with graded frequencies 
gradually enhances the general stepping pattern of both the 
stimulated and the contralateral foot and allows thus , in 
combination with central neuromodulation , to improve con 
trolled movement restoration . 
[ 0191 ] The lower part of FIG . 6 relates to enhanced 
ipsilateral flexion and the foot trajectories are shown for 
EES stimulation only as trajectories T1 and also superim 
posed to that the trajectories T3 of PNS in addition to the 
EES stimulation . 
[ 0192 ] The PNS stimulation is done in a range between 30 
Hz ( trajectories T2 ) to 70 Hz ( trajectories T3 ) . 
[ 0193 ] The upper part of FIG . 6 relates to enhanced 
contralateral extension and the foot trajectories are shown 

gait . 
[ 0177 ] In this example , the intensity of the PNS is con 
trolled with the frequency of the delivered pulses . 
[ 0178 ] FIG . 5 ( top ) shows preliminary results that were 
obtained using the system described in FIGS . 3 and 4 . Ankle 
flexion was enhanced through selective sciatic nerve stimu 
lation of the peroneal fascicle at the beginning of the swing 
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described herein , but is provided for ease of illustration and 
description . One or more of the illustrated actions , opera 
tions and / or functions may be repeatedly performed depend 
ing on the particular strategy being used . Further , the 
described actions , operations and / or functions may graphi 
cally represent code to be programmed into non - transitory 
memory of the computer readable storage medium in the 
control unit , where the described actions are carried out by 
executing the instructions in a system including the various 
hardware components in combination with the electronic 
control unit . 

for EES stimulation only as trajectories T1 ' also superim 
posed to that the trajectories T3 ' of PNS in addition to the 
EES stimulation . 
[ 0194 ] The PNS stimulation is done in a range between 30 
Hz ( trajectories T2 ' ) to 70 Hz ( trajectories T3 ' ) . 
[ 0195 ] FIG . 7 relates to a flow chart showing an example 
how the closed - loop embodiment according to the present 
disclosure of the neuromodulation and / or neurostimulation 
system 10 is operated . 
[ 01961 In step S1 physiological signals of the patient ( or as 
shown in the example of FIG . 3 - 6 of a mammal , here a rat ) 
are gained and recorded . This is done by the sensing unit 12 . 
[ 0197 ) In step S2 the gained signals are provided to the 
control unit 14 . 
[ 0198 ] In step S3 an initial stimulation parameter set is 
provided by the control unit 14 . 
[ 01991 In step S4 a matching of the stimulation control 
signals provided by the control unit 14 to control the PNS 
stimulation module 20 and / or the CNS stimulation module 
18 with physiological signals related to a move intention of 
a subject decoded from its brain and / or nervous system is 
performed . 
[ 0200 ] In step S5 a matching of the stimulation control 
signals provided by the control unit 14 to control the PNS 
stimulation module 20 and / or the CNS stimulation module 
18 with a desired kinematic trajectory is performed . 
[ 0201 ] In step S6 a matching of the stimulation control 
signals provided by the control unit 14 to control the PNS 
stimulation module 20 and / or the CNS stimulation module 
18 with desired forces with respect to a surface , on which the 
subject is located or that the subject is touching is per 
formed . 
[ 0202 ] In step S7 a matching of the stimulation control 
signals provided by the control unit 14 to control the PNS 
stimulation module 20 and / or the CNS stimulation module 
18 with muscle activation for certain gait patterns and / or 
grasp types and / or movements is performed . 
[ 0203 ] Steps S4 to S7 can be performed sequentially or in 
parallel . 
[ 0204 ] In step S8 a decoding of physiological signals is 
performed . This is done by the control unit 14 , which is 
configured such that signals provided by the sensing unit 12 
and related to movement of the subject can be decoded , 
especially continuously movement of the subject and / or 
signals related to force ( s ) and / or EMG activity and / or kine 
matic trajectories can be decoded . 
[ 0205 ] As can be seen from the flow chart , the system 10 
works as a closed - loop system in real - time . 
[ 0206 ] After step S8 it is continued with step S1 . 
[ 0207 ] Note that the example control and estimation rou 
tines included herein can be used with various neuromodu 
lation and / or neurostimulation system configurations . The 
control methods and routines disclosed herein may be stored 
as executable instructions in non - transitory memory and 
may be carried out by the control unit in combination with 
the various sensors , actuators , and other system hardware . 
The specific routines described herein may represent one or 
more of any number of processing strategies such as event 
driven , interrupt - driven , multi - tasking , multi - threading , and 
the like . As such , various actions , operations , and / or func 
tions illustrated may be performed in the sequence illus 
trated , in parallel , or in some cases omitted Likewise , the 
order of processing is not necessarily required to achieve the 
features and advantages of the example embodiments 
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1 . A neuromodulation and / or neurostimulation system 
comprising at least the following components : 

at least one sensing unit , at least control unit , at least one 
stimulation unit , at least one Central Nervous System 
( CNS ) stimulation module for providing CNS stimu 
lation , at least one Peripheral Nervous System ( PNS ) 
stimulation module for providing PNS stimulation ; and 
wherein at least one of the components of the neuro 
modulation and / or neurostimulation system is implant 
able . 

2 . The system according to claim 1 , wherein the Central 
Nervous System ( CNS ) stimulation module is or comprises 
an epidural stimulation module capable to provide epidural 
stimulation and / or a subdural stimulation module capable to 
provide subdural stimulation and / or an intracortical stimu 
lation module capable to provide intracortical stimulation 
and / or an intraspinal stimulation module capable to provide 
intraspinal stimulation . 

3 . The system according to claim 1 , wherein the Periph 
eral Nervous System ( PNS ) stimulation module is a Func 
tional Electrical Stimulation ( FES ) module capable to pro 
vide electrical stimulation of peripheral nerves . 

4 . The system according to claim 1 , wherein the Central 
Nervous System ( CNS ) stimulation module is at least par 
tially implantable or at least partially implanted and / or that 
the Peripheral Nervous System ( PNS ) stimulation module is 
at least partially implantable or at least partially implanted . 

5 . The system according to claim 1 , wherein the compo 
nents of the neuromodulation and / or neurostimulation sys 
tem form a closed - loop system . 

6 . The system according to claim 1 , wherein the compo 
nents of the neuromodulation and / or neurostimulation sys 
tem form an open - loop system . 

7 . The system according to claim 1 , wherein the control 
unit is configured such that control is done in real - time . 

8 . The system according to claim 1 , wherein the Periph 
eral Nervous System ( PNS ) stimulation module comprises at 
least one electrode having at least one fixation element for 
anchoring the at least one electrode in or to surrounding 
structures . 

9 . The system according to claim 1 , wherein the control 
unit is configured such that based on sensing signals pro 
vided and gained by means of the sensing unit , the PNS 
stimulation provided by the PNS stimulation module and / or 
the CNS stimulation provided by CNS stimulation module 
can be adjusted and / or adapted to : at least partially match 
stimulation control signals provided by the control unit to 
control the PNS stimulation module and / or the CNS stimu 
lation module with physiological signals related to a move 
intention of a subject decoded from its brain and / or nervous 
system , and / or at least partially match the stimulation con 
trol signals provided by the control unit to control the PNS 
stimulation module and / or the CNS stimulation module with 
a desired kinematic trajectory , and / or at least partially match 
the stimulation control signals provided by the control unit 
to control the PNS stimulation module and / or the CNS 
stimulation module with desired forces with respect to a 
surface on which the subject is located or that the subject is 
touching , and / or at least partially match the stimulation 

control signals provided by the control unit to control the 
PNS stimulation module and / or the CNS stimulation module 
with muscle activation for certain gait patterns and / or grasp 
types and / or movements . 

10 . The system according to claim 9 , wherein the control 
unit is configured such that the sensing signals provided by 
the sensing unit can be decoded ; 

wherein the sensing signals are related to movement of 
the subject ; and wherein movement of the subject 
includes one or more of continuous movement of the 
subject , signals related to force ( s ) , EMG activity , and / 
or kinematic trajectories . 

11 . The system according to claim 1 , wherein the control 
unit is configured such that the PNS stimulation provided by 
the PNS stimulation module and the CNS stimulation pro 
vided by the CNS stimulation module is at least partially 
interleaved . 

12 . The system according to claim 1 , wherein the control 
unit is configured such that the PNS stimulation provided by 
the PNS stimulation module and the CNS stimulation pro 
vided by the CNS stimulation module is at least partially 
superimposed . 

13 . The system according to claim 1 , wherein the control 
unit is configured such that the PNS stimulation provided by 
the PNS stimulation module or the CNS stimulation pro 
vided by the CNS stimulation module is at least partially 
used for correction of stimulation provided by another 
stimulation module to refine motor output . 

14 . The system according to claim 1 , wherein the control 
unit is capable to independently control and switch on and 
off either the PNS stimulation module or the CNS stimula 
tion module . 

15 . A method of providing neuromodulation and / or neu 
rostimulation by providing Central Nervous System ( CNS ) 
stimulation combined with Peripheral Nervous System 
( PNS ) stimulation , by using a neuromodulation and / or neu 
rostimulation system , the neuromodulation and / or neuro 
stimulation system comprising at least the following com 
ponents : 

at least one sensing unit , at least control unit , at least one 
stimulation unit , at least one Central Nervous System 
( CNS ) stimulation module for providing CNS stimu 
lation , at least one Peripheral Nervous System ( PNS ) 
stimulation module for providing PNS stimulation ; and 
wherein at least one of the components of the neuro 
modulation and / or neurostimulation system is implant 
able or at least partially implantable . 

16 . The method of claim 15 , wherein the at least one CNS 
stimulation module is or comprises one or more of an 
epidural stimulation module capable to provide epidural 
stimulation , a subdural stimulation module capable to pro 
vide subdural stimulation , an intracortical stimulation mod 
ule capable to provide intracortical stimulation , and / or an 
intraspinal stimulation module capable to provide intraspi 
nal stimulation , and wherein the PNS stimulation module is 
a Functional Electrical Stimulation ( FES ) module capable to 
provide electrical stimulation of the peripheral nerves , the 
PNS stimulation module further comprising at least one 
electrode having at least one fixation element for anchoring 
the electrode in or to surrounding structures . 

17 . The method of claim 15 , wherein the control unit is 
configured such that based on sensing signals provided and 
gained by means of the sensing unit , the PNS stimulation 
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provided by the PNS stimulation module and / or the CNS 
stimulation provided by CNS stimulation module can be 
adjusted and / or adapted to : 

at least partially match stimulation control signals pro 
vided by the control unit to control the PNS stimulation 
module and / or the CNS stimulation module with physi 
ological signals related to a move intention of a subject 
decoded from its brain and / or nervous system , and / or at 
least partially match the stimulation control signals 
provided by the control unit to control the PNS stimu 
lation module and / or the CNS stimulation module with 
a desired kinematic trajectory , and / or at least partially 
match the stimulation control signals provided by the 
control unit to control the PNS stimulation module 
and / or the CNS stimulation module with desired forces 
with respect to a surface on which the subject is located 
or that the subject is touching , and / or at least partially 
match the stimulation control signals provided by the 
control unit to control the PNS stimulation module 
and / or the CNS stimulation module with muscle acti 
vation for certain gait patterns and / or grasp types 
and / or movements ; and wherein the control unit is 

configured such that the sensing signals provided by the 
sensing unit can be decoded , the sensing signals related 
to movement of the subject , and wherein movement of 
the subject includes one or more of continuous move 
ment of the subject , signals related to force ( s ) , EMG 
activity , and / or kinematic trajectories . 

18 . The method of claim 15 , wherein the control unit is 
configured such that the PNS stimulation provided by the 
PNS stimulation module and the CNS stimulation provided 
by the CNS stimulation module is at least partially inter 
leaved or at least partially superimposed . 

19 . The method of claim 15 , wherein the control unit is 
configured such that the PNS stimulation provided by the 
PNS stimulation module or the CNS stimulation provided by 
the CNS stimulation module is at least partially used for 
correction of stimulation provided by another stimulation 
module to refine motor output . 

20 . The method of claim 15 , wherein the control unit is 
capable to independently control and switch on and off either 
the PNS stimulation module or the CNS stimulation module . 

* * * * * 


